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INTRODUCTION 
A t  Willow Run L a b o r a t o r i e s  i n  1970, under NASA C o n t r a c t  9-9784, a  two 
channel  ana log  r a t i o  t e c h n i q u e  i n  t h e  thermal  I R  wavelength  r e g i o n  f o r  map- 
p ing  g r o s s  compos i t iona l  v a r i a t i o n s  i n  s i l i c a t e  rocks  was developed which 
~ u c c e s s f u l l y  produced a u t o m a t i c  r a t i o  r e c o g n i t i o n  maps of q u a r t z  sand and 
sands tone  n e a r  t h e  M i l l  Creek,  Oklahoma sand q u a r r y .  I n  t h e  r e p o r t  which 
d e s c r i b e s  t h a t  e f f o r t  [ I ] ,  a  t h r e e  channel  I R  t echn ique  w a s  hypo thes ized  
f o r  a  more r e f i n e d  v e r s i o n  of t h i s  r a t i o  method, whereby t h e  t h i r d  channel  
i s  used f o r  c o r r e c t i o n  of t empera tu re  v a r i a t i o n s  a c r o s s  t h e  t a r g e t  s c e n e .  
I t  was a l s o  hypothes ized  t h a t  t h e  r e s u l t i n g  t empera tu re -cor rec ted  r a t i o s  
would be a t  l e a s t  c r u d e l y  c o r r e l a t e d  w i t h  S i 0 2  c o n t e n t  of t h e  g e o l o g i c a l  
t a r g e t s  encounte red .  
During 1971,  t h e  s t a t e - o f - t h e - a r t  of g e o l o g i c a l  remote s e n s i n g  was 
f u r t h e r  advanced by t h e  p r o c e s s i n g  of d a t a  from an a i r c r a f t  f l i g h t  over  
P i sgah  C r a t e r ,  C a l i f o r n i a .  There  a r e  f o u r  major r e s u l t s  from t h e  P i s g a h  
C r a t e r  d a t a .  F i r s t ,  t h e  two-channel the rmal  I R  ana log  r a t i o  method from 
l a s t  y e a r  h a s  been s u c c e s s f u l l y  used t o  map r e l a t i v e  d i f f e r e n c e s  among var -  
i o u s  s i l i c a t e  rock  t y p e s .  Secondly,  t h e  th ree -channe l  the rmal  IR tech-  
n i q u e ,  hypo thes ized  l a s t  y e a r ,  h a s  been implemented s u c c e s s f u l l y  t o  make 
d i g i t a l  t empera tu re -cor rec ted  r a t i o  maps which a r e  more s e n s i t i v e  than  t h e  
two-channel r a t i o  maps t o  t r u e  compos i t iona l  v a r i a t i o n s  i n  g e o l o g i c a l  t a r -  
g e t s .  T h i r d l y ,  a  new techn ique  i n v o l v i n g  t h e  r a t i o  of r a d i a n c e s  i n  v i s i b l e  
g reen  t o  r e f l e c t i v e  I R  channe l s  h a s  been t h e o r i z e d  and q u a l i t a t i v e l y  t e s t e d  
f o r  t h e  purpose  of mapping v a r i a t i o n s  i n  i r o n  o x i d e s  on t h e  s u r f a c e s  of 
exposed r o c k s .  
The P i s g a h  C r a t e r  a r e a  i n  San Bernardino County was chosen a s  a  test  
s i t e  f o r  t h r e e  r e a s o n s :  t h e r e  a r e  many s i l i c a t e  rock  types  i n  c l o s e  prox- 
i m i t y ,  t h e  s e m i a r r i d  t e r r a i n  i s  v e r y  s p a r s e l y  v e g e t a t e d ,  and c o n s i d e r a b l e  
ground t r u t h  d a t a  was a l r e a d y  a v a i l a b l e  about  t h e  a r e a  from o t h e r  r e p o r t s  
and g e o l o g i c  maps [ 2 , 3 ] .  The f l i g h t  took p l a c e  on 30 October  1971 between 
0800 (approx imate ly  1 hour  a f t e r  s u n r i s e )  and 0840 h o u r s ,  l o c a l  t i m e ,  a t  
above-ground a l t i t u d e s  of 500 f t  and 3000 f t .  Only t h e  3000 f t  d a t a  was 
p rocessed  through t o  t h e  f i n a l  s t a g e s  because  of monetary l i m i t a t i o n s .  The 
morning was c l e a r ,  w i t h  r e l a t i v e  humidi ty  l e s s  t h a n  25% and a  ground-level  
a i r  t empera tu re  of approx imate ly  5 ' ~ .  Th i s  t ime of day was chosen because  
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t e m p e r a t u r e  v a r i a t i o n s  a c r o s s  t h e  s c e n e  due t o  compos i t iona l  e f f e c t s  ( a l b e -  
do ,  the rmal  c o n d u c t i v i t y ,  e t c . )  were s m a l l ,  y e t  enough s o l a r  i l l u m i n a t i o n  
was a v a i l a b l e  f o r  v i s i b l e  and r e f l e c t i v e  I R  d a t a  c o l l e c t i o n .  
D r .  L a r r y  C .  Rowan, a  U .  S .  G e o l o g i c a l  Survey g e o l o g i s t  from t h e  
Reg iona l  Geophysics O f f i c e  i n  Denver,  and Ben Drake,  a  geology Ph.D. cand i -  
d a t e  a t  The U n i v e r s i t y  of  Michigan,  g r e a t l y  a s s i s t e d  t h e  a u t h o r  i n  f i e l d  
check ing  t h e s e  images .  
DESCXIPTION OF APPARATUS AND METHOD OF ANALYSIS 
The d a t a  were  c o l l e c t e d  by The U n i v e r s i t y  of Michigan m u l t i s p e c t r a l  
s c a n n e r  (4) and a  Honeywell two-element Hg:Cd:Te d e t e c t o r  f i l t e r e d  (5 )  t o  
t h e  approximate  10% c u t o f f  p o i n t s  of  8 .2  ym - 10 .9  pm and 9 .4  pm - 1 2 . 1  pm, 
which w i l l  b e  c a l l e d  c h a n n e l s  1 and 2 ,  r e s p e c t i v e l y ,  aboard  t h e  u n i v e r s i t y ' s  
C-47 a i r c r a f t .  The two methods of  a n a l y s i s  f o r  t h e  t h e r m a l  I R  d a t a  a r e  
d e s c r i b e d  i n  r e f e r e n c e s  1 and 5 .  B r i e f l y ,  i n  t h e  f i r s t  method, t h e  r a t i o  
of r a d i a n c e s  i n  channe l  1 t o  channe l  2  was made t h e  " s i g n a l "  t o  t h e  Uni- 
v e r s i t y ' s  a n a l o g  computer.  The r e s u l t i n g  " r a t i o  images" a r e  b r i g h t  where 
t h i s  R  r a t i o  i s  h i g h  and d a r k  where R12 i s  low. S i l i c a t e  r o c k s  d i s p l a y  12  
v a r i o u s  s p e c t r a l  e m i t t a n c e  minima i n  t h e  8 pm - 1 4  pm r e g i o n ,  caused by 
r e s t s t r a h l e n  bands (molecu la r  v i b r a t i o n a l  modes).  G e n e r a l l y  s p e a k i n g ,  f e l -  
s i c  ( s i l i c a - r i c h )  rocks  t e n d  t o  have s p e c t r a l  e m i t t a n c e  minima a t  s h o r t e r  
wavelengths  than  maf ic  ( s i l i c a - p o o r )  r o c k s .  Hence, t h e r e  i s  a  tendency 
f o r  t h e  RI2 r a t i o  t o  b e  lower f o r  f e l s i c  rocks  (dark  i n  t h e  r a t i o  image) 
than  f o r  m a f i c  r o c k s  ( b r i g h t  i n  t h e  r a t i o  image) .  
The second t h e r m a l  I R  method i n v o l v e s  t h e  c o r r e c t i o n  of  R12 f o r  temp- 
e r a t u r e  v a r i a t i o n s  a c r o s s  t h e  s c e n e .  The s p e c t r a l  e m i t t a n c e  of  t h e  geolog-  
i c  t a r g e t  i n  a  channe l  3 (11.4  ym - 1 4 . 4  pm a t  15X p o i n t s )  i s  assumed t o  
b e  a  c o n s t a n t  v a l u e  f o r  a l l  s i l i c a t e s ,  which i s  a  r e a s o n a b l y  good assump- 
t i o n  i n  t h a t  wavelength  r e g i o n .  From t h e  channe l  3 r a d i a n c e ,  t h e  r o c k  
t e m p e r a t u r e  i s  de te rmined  ( w i t h i n  50K), and a  r a t i o  c o r r e c t i o n  f a c t o r ,  Rg ' 
i s  c a l c u l a t e d .  The R12 r a t i o  i s  then  c o r r e c t e d  f o r  t e m p e r a t u r e  v a r i a t i o n s  
a c r o s s  t h e  s c e n e  t o  y i e l d  t h e  t e m p e r a t u r e - c o r r e c t e d  r a t i o  
T h i s  th ree -channe l  scheme is  done d i g i t a l l y .  L a b o r a t o r y  e m i t t a n c e  s p e c t r a  
and a  t h e o r e t i c a l  a tmospher ic  model a r e  t h e n  used t o  c a l c u l a t e  expec ted  R  
r a t i o s  f o r  v a r i o u s  rock  t y p e s .  The measured v a l u e s  of  R from t h e  s c a n n e r  
d a t a  can b e  compared w i t h  t h e s e  t h e o r e t i c a l  v a l u e s  t o  d e t e r m i n e  broad c l a s -  
s i f i c a t i o n s  of  r o c k  t y p e .  A s i m p l e r  two-channel scheme f o r  t e m p e r a t u r e  
c o r r e c t i o n ,  which h a s  proved q u a l i t a t i v e l y  s u c c e s s f u 1 , w i l l  b e  implemented 
q u a n t i t a t i v e l y  d u r i n g  t h e  coming y e a r .  
The method f o r  t h e  v i s i b l e - r e f l e c t i v e  I R  r a t i o  images i n v o l v e s  a  sim- 
p l e  r a t i o  of  r a d i a n c e s  i n  channe l  5  (0 .50  pm - 0.52 um) t o  channe l  7 (0 .74 
ym - 0.85 pm). E l e c t r o n i c  t r a n s i t i o n s  of i r o n  o x i d e s  produce a r e l a t i v e l y  
l a r g e  r i s e  i n  s p e c t r a l  r e f l e c t a n c e  from 0 . 5  um t o  .80 pm, compared w i t h  
l e s s e r  o r  no r i s e  i n  s p e c t r a l  r e f l e c t a n c e  over  t h e  same s p e c t r a l  r e g i o n  f o r  
f e l s i c  rocks ,and w i t h  a  drop i n  r e f l e c t a n c e  f o r  unoxid ized  maf ic  r o c k s .  
Thus, g e n e r a l l y  s p e a k i n g ,  i r o n  o x i d e s  appear  d a r k ,  f e l s i c  rocks  appear  a  
medium gray  t o n e ,  and unoxid ized  maf ic  rocks  appear  b r i g h t  on t h e  R r a t i o  
image. 5  7 
RESULTS AND DISCUSSION 
A demons t ra t ion  of t h e  two-channel I R  r a t i o  method i s  g iven  i n  f i g u r e  
1, which shows from top  t o  bot tom t h e  ana log  images of channel  1 (8 .2  u m  - 
1 0 . 9  ym), channel  2  (9 .4  pm - 1 2 . 1  ym), and R12 ( t h e  r a t i o  of r a d i a n c e s  i n  
t h e  two channe l s )  f o r  s e c t i o n  2A of t h e  P i s g a h  d a t a .  T h i s  is a  r e g i o n  
approx imate ly  5  m i l e s  s o u t h - s o u t h e a s t  of P i s g a h  C r a t e r .  North i s  t o  t h e  
top  of t h e  images.  The r a t i o  image shows e m i t t a n c e  v a r i a t i o n s  which a r e  
i n d i c a t i v e  of rock t y p e  d i f f e r e n c e s .  The f e l s i c  mountains (D)  and a l l u -  
vium (A) appear  d a r k e r  than  t h e  maf ic  l a v a  (LA), and t h e  p l a y a  m a t e r i a l  i s  
c o n t r a s t e d  s h a r p l y  a g a i n s t  t h e  a l luv ium.  The t o p o g r a p h i c a l l y  h i g h e r  d a c i -  
t i c  mountains (D) a r e  warmer t h a n  o t h e r  p a r t s  of t h e  s c e n e ,  which makes 
t h e  r a t i o  f o r  t h a t  r e g i o n  h i g h e r  t h a n  i t  shou ld  be  on t h e  s o l e  b a s i s  of 
r e s t s t r a h l e n  p o s i t i o n .  The pa tchy  appearance  of t h e  p l a y a  i s  p r i m a r i l y  
caused by e m i t t a n c e  v a r i a t i o n s ,  because  t h e  g ray  l e v e l  of t h e  s i n g l e  chan- 
n e l  images a r e  a lmos t  uniform a c r o s s  t h e  f l o o r  of L a v i c  Lake,  of which 
t h i s  i s  a  p a r t .  The most importent:  f a c t  &bout t h i s  f i g u r e ,  toxaever, i s  
that: f e l s i c  and n a f i c  l i t h o l . o g i c a 1  uni . t s  a.re d e a r l y  d i s c r i m i n a t e d  i n  t h e  
r > L t i o  image. 
The th ree -channe l  I R  t e c h n i q u e  c o r r e c t s  t h e  R r a t i o  f o r  t empera tu re  12 
v a r i a t i o n s  a c r o s s  t h e  scene  v i a  e q u a t i o n  ( 1 ) .  It 1s demonstra ted by t h e  
d i g i t a l  r a t i o  map i n  f i g u r e  2 ,  which i n c l u d e s  a lmos t  a l l  of t h e  r e g i o n  
shown i n  f i g u r e  1. The r a t i o  R from e q u a t i o n  (1) i s  d i v i d e d  i n t o  t h e  f o l -  
lowing 5 l e v e l s :  
L e v e l  1 R 5 .969 
Leve l  2  .969 < R I .973 
L e v e l  3 .973 < R 5 .981 
Leve l  4 .981 < R ,992 
Leve l  5 .992 < R 
The lowest  r ecorded  R i n  l e v e l  1 i s  .941 and t h e  h i g h e s t  l e v e l  r ecorded  
l e v e l  5 i s  1 .024 .  'These  v a l u e s  f o r  R can be  compared d i r e c t l y  w i t h  t h e  
graph i n  f i g u r e  3,which p l o t s  R v e r s u s  %Si02 a s  c a l c u l a t e d  from l a b o r a t o r y  
rock  e m i t t a n c e  s p e c t r a  of Lyon [ 6 ]  and an a tmospher ic  model of Anding, e t .  
a l .  [ 71. Leve l s  1 and 2  a r e  p r i m a r i l y  f e l s i c  ( a c i d i c )  s i l i c a t e s  and I ~ v e l s  
4 and 5 a r e  p r i m a r i l y  m a f i c  ( b a s i c )  s i l i c a t e s .  A graybody w i t h  c o n s t z n t  
en i i t t ance  E = 0.94 throughout  t h e  7  pm - 14 pm r e g i o n  would y i e l d  a  r a t i o  
v a l u e  of R = 0 .975 ,  which would appear  i n  l e v e l  3 ,  a long  w i t h  some of t h e  
i n t e r m e d i a t e  r o c k s .  Graybodies o f  t h a t  t y p e  can be  d i s t i n g u i s h e d  from s i l i -  
c a t e s  by r a t i o i n g  t h e  sum of r a d i a n c e s  i n  channe l s  1 and 2 t o  t h e - r a d i a n c e  
i n  channel  3 f o r  t h e  purpose  of de te rmin ing  t h e  p resence  o r  absence  of r e s t -  
s t r a h l e n  bands ,  which was n o t  done h e r e .  More and d i f f e r e n t  r anges  i n  R 
could  have been p r i n t e d ,  b u t  t h e s e . r a n g e s  and symbols were chosen f o r  p r i n t -  
i n g  because  t h e y  produced a more p l e a s i n g  f i g u r e  f o r  demons t ra t ion  purposes .  
The e s t i m a t e d  e r r o r  i n  R i s  + ,007.  . . 
The pr imary e f f e c t  of t h e  t e m p e r a t u r e - c o r r e c t i o n  can be  s e e n  i n  a com- 
p a r i s o n  of R f o r  d a c i t i c  mountains (D) w i t h  R f o r  t h e  a l luv ium (A) i n  f i g -  
u r e s  1 and 2 .  F i g u r e  1, which i s  n o t  t empera tu re -cor rec ted ,  shows t h e  
a l luv ium a s  hav ing  a lower R12 r a t i o  ( d a r k e r  i n  t h e  R12 r a t i o  image) than 
t h e  a d j a c e n t  d a c i t i c  mountains ,  even though t h e  a l luv ium h a s  a chemical  
composi t ion s i m i l a r  t o  t h e  mountains ( t h e  former c o n s i s t s  p r i m a r i l y  of rock  
f ragments  from t h e  l a t t e r ) .  However, t h e  mountains ,  which a r e  topographi-  
c a l l y  h i g h e r ,  were warmer t h a n  t h e  a l luv ium a t  t h i s  t ime of morning ( s e e  
t h e  s i n g l e  channel  images of f i g u r e  l ) ,  which b i a s e d  t h e  R12 r a t i o  toward 
a h i g h e r  v a l u e  i n  t h e  mountains .  F i g u r e  2 ,  on t h e  o t h e r  hand,  shows n e a r l y  
e q u a l  v a l u e s  f o r  R ,  t h e  t empera tu re -cor rec ted  r a t i o ,  i n  t h e  a l luv ium and 
i n  t h e  mountains .  T h i s  i s  a good i n d i c a t i o n  t h a t  t h e  t empera tu re  c o r r e c -  
t i o n s  have been s u c c e s s f u l .  
A s  a more s t r i n g e n t  t e s t  of t h e  q u a n t i t a t i v e  accuracy of t h i s  method, 
t h e  r a t i o s  of t h e  d a c i t e  and p l a g i o c l a s e  b a s a l t  samples of Lyon, p l o t t e d  
a s  d a t a  p o i n t s  i n  f i g u r e  3 ,  can be  compared w i t h  r a t i o s  f o r  t h e  d a c i t i c  
mountains ( D )  ( a l s o  f o r  t h e  d a c i t i c  f ragments  i n  t h e  a l luv ium)  and b a s a l t s  
of t h e  Sunshine l a v a  f lows  (LA) i n  f i g u r e  2 .  Lyon's  d a c i t e  y i e l d s  a theo- 
r e t i c a l  r a t i o  of R = .947,  which f a l l s  i n t o  l e v e l  1, a r a t i o  f r e q u e n t l y  
measured i n  t h e  mountain (D) and a l luv ium (A) r e g i o n s  of f i g u r e  2 .  Lyon 's  
p l a g i o c l a s e  b a s a l t  y i e l d s  a r a t i o  of R = 1 . 0 1 5 ,  which f a l l s  i n t o  l e v e l  5 ,  
a commonly measured l e v e l  i n  t h e  Sunshine b a s a l t  f lows (LA) of f i g u r e  2 .  
T h e r e f o r e ,  t h e  l a b o r a t o r y  and scanner  d a t a  q u a n t i t a t i v e l y  a g r e e  w i t h i n  
r e a s o n a b l e  l i m i t s  (perhaps  as s m a l l  a s  t h e  e s t i m a t e d  2 .007 e r r o r  i n  R) .  
To demons t ra te  t h e  t h i r d  r a t i o  t e c h n i q u e ,  r a t i o  images of r a d i a n c e s  
i n  t h e  v i s i b l e  g r e e n ,  channel  5 (0 .50 pm - 0.52 pm), to  r e f l e c t i v e  I R  chan- 
n e l  7 (0.74 prn - 0.85 pm) were p rocessed  i n  a manner s i m i l a r  t o  t h e  two- 
channe l  the rmal  r a t i o  method d i s c u s s e d  above, f o r  approximately  t h e  same 
a r e a s  a s  shown i n  f i g u r e s  1 and 2 .  F i g u r e  4 shows, from t o p  t o  bot tom,  
ana log  scanner  images of channel  5 ,  channe l  7 ,  and t h e  r a t i o  R 57 ' The 
r a t i o  image shows gray  l e v e l  v a r i a t i o n s  u n l i k e  t h e  s i n g l e  channel  images.  
T h e o r e t i c a l l y ,  i r o n  o x i d e  w i l l  appear  d a r k  i n  t h e  r a t i o  image. The two 
e r u p t i v e  phases  ( l a b e l e d  1 and 2) of Sunshine l a v a  d i s p l a y  v a r i o u s  shades  
of g r a y ,  which a r e  d a r k e r  than  t h e  a l luv ium (A) on t h e  wes t  s i d e .  The 
younger phase 2 Sunshine l a v a  appears  d a r k e r  i n  t h e  r a t i o  image t h a n  t h e  
o l d e r  phase  1 l a v a .  The g r e a t e r  p resence  of ca lc ium c a r b o n a t e  on j o i n t  
p l a n e s  and i n  l o c a l  minor d e p r e s s i o n s  on t h e  phase  1 Sunshine l a v a  ac- 
c o u n t s ,  i n  p a r t ,  f o r  t h e  l i g h t e r  c o l o r  of t h i s  u n i t  i n  t h e  s i n g l e  channe l  
images.  Th is  may a l s o  p a r t l y  account  f o r  t h e  s l i g h t l y  b r i g h t e r  g r a y  l e v e l  
i n  t h e  r a t i o  image. 
The a l l u v i a l  d e p o s i t s  (A) on e i t h e r  s i d e  of t h e  Sunshine l a v a  appear  
q u i t e  d i f f e r e n t  i n  t h e  r a t i o  image. I t  i s  p r o b a b l e  t h a t  t h e  d r a i n a g e  p a t -  
t e r n s  c a r r y  more f e r r i c  o x i d e s  from t h e  P i s g a h  and Sunshine l a v a  f lows  t o  
t h e  e a s t e r n  a l luv ium (surrounded by b a s a l t )  t h a n  t o  t h e  w e s t e r n  a l l u v i u m  
( b a s a l t  o n l y  on one s i d e ) .  T h i s  would e x p l a i n  t h e  d a r k e r  g ray  l e v e l  of t h e  
e a s t e r n  d e p o s i t s  i n  t h e  r a t i o  image. However, t h e  p l a y a  and a l luv ium e a s t  
of t h e  Sunshine f lows appear  t o  have s i m i l a r  s p e c t r a l  p r o p e r t i e s  i n  t h e s e  
two channe l s  of i n f o r m a t i o n ,  a s  evidenced by s i m i l a r  g ray  l e v e l s  i n  t h e  
r a t i o  image, which may i n d i c a t e  a lmost  e q u a l  amounts of s u r f i c i a l  f e r r i c  
ox ide  i n  o r  on b o t h  t y p e s  of m a t e r i a l .  
Probably  t h e  most s i g n i f i c a n t  f e a t u r e s  i n  t h e  r a t i o  image of f i g u r e  4 ,  
however, a r e  t h e  d a r k  l i n e a r  r e g i o n s  i n  t h e  d a c i t i c  mountains on t h e  l e f t  
s i d e  of t h e  image. The two prominent ,  d a r k ,  l i n e a r  f e a t u r e s  runn ing  n o r t h -  
wes t  t o  s o u t h e a s t  a r e  a n d e s i t i c  d i k e s  i n  t h e  predominant ly  d a c i t i c  mountain 
r a n g e .  The l o n g e r  d a r k  f e a t u r e ,  n o r t h  of t h e  a l luv ium i n l e t ,  i s  shown a s  
an  a n d e s i t e  d i k e  on T .  W .  D i b b l e e ' s  g e o l o g i c  map of t h e  a r e a  [ 8 ] .  The 
s h o r t e r  d a r k  f e a t u r e  i s  an a n d e s i t i c  d i k e  which c u t s  a c r o s s  t h e  d a c i t i c  
p e n i n s u l a  on t h e  s o u t h e r n  b o r d e r  of t h e  a l luv ium i n l e t .  T h i s  s h o r t  d i k e ,  
which i s  n o t  on D i b b l e e ' s  map, may be  a  s l i g h t l y  o f f s e t  c o n t i n u a t i o n  of t h e  
more prominent ,  l o n g e r  d i k e .  I f  s o ,  t h e r e  may be a  wes t - to -eas t  f a u l t  be- 
low t h e  a l luv ium i n  t h e  i n l e t .  The a n d e s i t i c  d i k e s  appear  r u s t y  brown t o  
t h e  naked eye  of a  f i e l d  g e o l o g i s t  on t h e  ground, and,  i f  n o t  i n  shadow, 
a r e  e a s i l y  recognized  by ground o b s e r v e r s .  However, t h e  d i k e s  do n o t  show 
up w e l l  i n  t h e  s i n g l e  channel  images .  C o n t r a r i l y ,  t h e  r a t i o  image produces  
e x c e l l e n t  c o n t r a s t  between o x i d i z e d  s u r f a c e s  o f  a n d e s i t e  and t h e  surround-  
i n g  d a c i t e ,  whether  i n  shadow o r  b r i g h t  s o l a r  i l l u m i n a t i o n .  F i n a l l y ,  t h e  
s m a l l  d a r k  s p o t  a t  t h e  top  of t h e  r a t i o  image on t h e  mountain-alluvium bor- 
d e r  i s  a  d a r k l y  weathered b i o t i t e  q u a r t z  monzonite ou tc ropp ing  t h a t  shows 
up e q u a l l y  w e l l  i n  t h e  r a t i o  o r  s i n g l e - c h a n n e l  images .  
Genera l ly  s p e a k i n g ,  a c i d i c  ( f e l s i c )  rocks  should c o n t a i n  l e s s  f e r r i c  
ox ide  t h a n  b a s i c  (mafic)  r o c k s ,  because  t h e  l a t t e r  have more i r o n  a v a i l a b l e  
f o r  o x i d a t i o n .  Thus,  t h e r e  shou ld  be some c o r r e l a t i o n  between R and R  
w i t h  r e s p e c t  t o  s i l i c a t e  rock  t y p e .  T h i s  i m p l i e s  t h a t ,  low R '2nd h i g a 7  1 2  R57 i n d i c a t e  a c i d i c  s i l i c a t e s ,  whereas h i g h  R 1 2  and low R5, i n d l c a t e  b a s i c  
s i l i c a t e s .  Although d e s e r t  v a r n i s h  ( f e r r i c  o x i d e s )  can cover  any t y p e  of 
r o c k ,  i t  does  n o t  seem t o  p r e v e n t  t h e  a c i d i c  rocks  from a p p e a r i n g  b r i g h t e r  
t h a n  b a s i c  rocks  i n  t h e  R r a t i o  of f i g u r e  4 ,  e x c e p t  f o r  c a s e s  where t h e  5  7 f e l s i c  rocks  c o n t a i n  a p p r e c i a b l e  amountsof b i o t i t e  ( b i o t i t e  q u a r t z  monzo- 
n i t e  i n  f i g u r e  4 ) .  The weathered a n d e s i t e  i n  t h e  d i k e s  of f i g u r e  4 i s  an 
i n t e r m e d i a t e  rock  w i t h  r e l a t i v e l y  h i g h  i r o n  c o n t e n t ;  hence ,  i t  h a s  a  h igh-  
e r  Fe203 c o n t e n t  and a p p e a r s  d a r k  i n  t h e  R57 r a t i o  image,  even though i t  i s  
n o t  b r i g h t  i n  t h e  R12 image of f i g u r e  1. 
There  a r e  s e v e r a l  i n d i c a t i o n s  i n  t h e  P i s g a h  d a t a  t h a t  t h e  the rmal  in -  
f r a r e d  R12 r a t i o  i s  n o t  v e r y  a f f e c t e d  by t h e  amount of f e r r i c  o x i d e s  on 
t h e  rock  s u r f a c e s .  For i n s t a n c e ,  R57 v a r i a t i o n s  w i t h i n  P i sgah  l a v a  f lows 
(no t  shown) a r e  n o t  accompanied by s i m i l a r  v a r i a t i o n s  i n  R12. Labora to ry  
tests a r e  needed t o  conf i rm o r  deny t h i s  h y p o t h e s i s .  However, t h e  i r o n  
ox ide  r e s t s t r a h l e n  bands occur  n e a r  20 pm and g r e a t e r ,  which h i n t s  t h a t  
they may be  r e l a t i v e l y  t r a n s p a r e n t  i n  t h e  s i l i c a t e  r e s t s t r a h l e n  r e g i o n  be- 
tween 8 pm and 12 um.  
CONCLUSIONS 
During t h e  p a s t  y e a r  a  2-channel I R  t e c h n i q u e  f o r  d i s c r i m i n a t i o n  among 
s i l i c a t e  rocks  was t e s t e d  f o r  a  second t i m e ,  a  th ree -channe l  I R  method was 
t e s t e d  f o r  t h e  f i r s t  t ime,  and a  new v i s i b l e - r e f l e c t i v e  I R  r a t i o  method was 
hypothes ized  and q u a l i t a t i v e l y  t e s t e d  f o r  i ron-ox ide  r e c o g n i t i o n .  Both t h e  
two-channel and three-channel  I R  r a t i o s  methods were capab le  of d i s c r i m i n a t -  
i n g  f e l s i c  from m a f i c  rock t y p e s  n e a r  P i sgah  C r a t e r ,  C a l i f o r n i a .  The t h r e e -  
channe l  r a t i o  v a l u e s  measured by t h e  scanner  were found t o  a g r e e ,  w i t h i n  
r e a s o n a b l e  l i m i t s ,  w i t h  t h e  v a l u e s  of R c a l c u l a t e d  from l a b o r a t o r y  d a t a .  
The c a p a b i l i t y  of t h e  th ree -channe l  method t o  o b t a i n  a b s o l u t e  r a t i o s  i s  
accompanied by a  c o s t l y  p r o c e s s i n g  r o u t i n e .  The two-channel t echn ique  i s  
s u p e r i o r  f o r  low thermal  c o n t r a s t  scenes  (AT < 5°C) about  which some ground 
t r u t h  i s  a v a i l a b l e  because  of i t s  speed and economy ($3400 f o r  d a t a  p rocess -  
i n g  of t h e  f i r s t  150 da ta -mi les  and $750 f o r  each a d d i t i o n a l  150 da ta -mi le  
s e t ;  t h i s  does n o t  i n c l u d e  d a t a  c o l l e c t i o n  c o s t s ) .  
The r e f l e c t i v e  channe l  r a t i o  method w a s  found capab le  of enhancing t h e  
c o n t r a s t  of i r o n  o x i d e s  i n  t h e  p resence  of unoxidized o r  i r o n - d e f i c i e n t  
rock s u r f a c e s .  Pho tograph ic  I R  methods can d u p l i c a t e  some of t h e s e  v i s i b l e -  
r e f l e c t i v e  IR r a t i o  r e s u l t s  [ 9 j 1 0 ]  w i t h  l e s s  image d i s t o r t i o n  and lower 
c o s t .  However, t h i s  scanner  r a t i o  t echn ique  (which c o s t s  t h e  same a s  t h e  
2-channel the rmal  r a t i o  p r o c e s s i n g )  i s  s u p e r i o r  f o r  s u p p r e s s i n g  shadowing 
and a tmospher ic  e f f e c t s .  
A l l  t h r e e  t e c h n i q u e s  can be  u s e f u l  f o r  g e o l o g i c  mapping. For example, 
t h e  the rmal  r a t i o  method shou ld  a s s i s t  i n  t h e  mapping of v o l c a n i c  ash f l o w s ,  
which a r e  sometimes i n d i s t i n g u i s h a b l e  t o  t h e  naked eye  from sed imenta ry  
m a t e r i a l ,  and g l a c i a l  t i l l s ,  which can v a r y  s i g n i f i c a n t l y  i n  S i 0 2  c o n t e n t *  
S i m i l a r l y ,  t h e  v i s i b l e - r e f l e c t i v e  I R  r a t i o  shou ld  b e  u s e f u l  i n  t h e  exp lora -  
t i o n  f o r  gossans  o r  o t h e  r i r o n  and n i c k e l  o r e  b o d i e s ,  a s  w e l l  a s  f o r  t h e  
mapping of i r o n - r i c h  ( l a t e r i t i c )  s o i l s .  These and o t h e r  a p p l i c a t i o n s  can 
b e  t e s t e d  w i t h  e s i t i n g  equipment and computer s o f t w a r e .  
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FIGURE CAPTIONS 
FIGURE 1: 
FIGURE 2: 
FIGURE 3: 
FIGURE 4: 
Analog Infrared images of flightline 2 section A of a 
west-east flight about 5 miles south of Pisgah Crater. 
North is toward the top. Channel 1, channel 2, and the 
R12 ratio image are at top, middle, and bottom, 
respectively. From left to right are dacitic mountains 
(D) , alluvium (A), Sunshine lava flows (LA), a 1 luvium 
(A), playa material (P) of Lavic Lake, and Pisgah lava 
(LA) of phase 1. 
Temperature-corrected digital recognition map of silicate 
r o cks for most of flight line 2, section A (including 
most of the area covered in figure 1) about 5 miles south 
of Pisgah Crater. North is to the top. The top and 
bottom maps are contiguous. Felsic rocks (high %Si02) 
appear yellow and mafic rocks (low %Si02) appear blue. 
Temperature-corrected ratio R versus %Si02 for 25 rock 
samples of Lyon [ 6 ] .  
Analog visible and reflective IR images of flight line 2 
section A of a west-east flight about 5 miles south of 
Pisgah Crater (same area as in figures 1 and 2). North 
is toward the top. Channel 5, channel 7, and R57 ratio 
are at top, middle and bottom, respectively. From left 
to right are dacitic mountains (D) with dark (low ratio) 
andesitic dikes, alluvium (A), Sunshine lava (LA) of two 
eruptive phases, alluvium (A), playa material (P), and 
phase 1 Pisgah lava (1). 
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FIGURE 2 
O For  T = 3000K 
For  T = 320°K 
t For  T = 2800K 
T = Rock Temperature.  
Detector a t  a n  
Altitude of 3000 ft  
on a Clear Day. 
Line Fit by Linear  
FIGURE 3 .  TEMPERATURE- CORRECTED RATIO VERSUS 
PERCENT Si02 
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